1. Capillary blood pressure was measured in man using a dynamic servo-nulling system and direct micropuncture. This enabled assessments of the normal variations in pressure which influence fluid filtration and reabsorption.
INTRODUCTION
Capillary blood pressure is an important factor responsible for fluid flux across the capillary wall, and probably varies more widely than other factors which influence filtration such as surface area and oncotic pressure. Despite this and the obvious relevance of the quantity to tissue hydration, the variations in capillary pressure, in magnitude and temporal relationship, have not previously been fully elucidated in humans, and most of the observations in animals are likely to be altered by anaesthesia [l] .
Until recently, limitations were imposed by the methodology available for measuring minute changes in pressure transmitted through glass micropipette tips when introduced into a capillary. Mean pressure could be estimated manually by adjusting the pressure within an associated manometer system to maintain the position of erythrocytes in the micropipette constant [2] , but fluctuations could not be accurately assessed.
The dynamic servo-nulling technique [3] used in the present study is able to record rapid pressure fluctuations, because the micropipette is used as an ultra-low compliance transducer. It has been widely applied to animal studies [4, 51, but there is only one published study in humans [6] , in which the range and number of observations were very limited.
The aims of our study were to quantify both rapid and slow changes in capillary pressure in normal subjects and to relate these fluctuations to physiological processes. This was to facilitate future study of patients with conditions likely to produce microvascular pressure abnormalities, such as diabetes niellitus [7] and hypertension [ 1, 81.
MATERIALS AND METHODS

Subjects
Capillary pressure was measured in the nailfold capillaries of 19 normotensive volunteers. In 13 of these subjects, simultaneous recordings were made of electrocardiogram (ECG), intranasal temperature (respiratory rate) and laser-Doppler blood flow [9] in an adjacent nailfold.
The age of the subjects ranged from 22 to 58 years and the sex distribution was ten male and nine female. None of the subjects was receiving any drugs at the time of the experiments.
The studies were approved by the local ethical committee, and fully informed consent was obtained in each case.
Capillary pressure measurement
Positioning. All experiments were performed in a temperature-controlled laboratory (21-22.5"C). The subjects were seated upright with the left hand resting in a polyurethane foam support at the height of the sternal angle.
Skin preparation. The cuticle and upper layers of epidermis above the nailfold capillaries were carefully trimmed with a scalpel blade to facilitate penetration of the micropipette. Another finger was used if this process caused bleeding or vasodilatation. A ring of Stomahesive (Surgicare) was stuck around the nailfold to retain a pool of 0.9% sodium chloride solution (saline) and to secure a skin thermocouple with its tip adjacent to the area to be punctured. The saline aided visualization of the capillaries by reducing reflections from the rough keratin surface, but over 15-20 min caused the keratin to swell and become more opaque. Short 'drying out' periods between cannulations reversed this process.
Television microscopy. The capillaries and the micropipettes were visualized using a television microscopy system. A x 10 (Leitz UMlO) microscope objective lens projected directly on to the phototube of a sensitivc black and white camera ('Saticon' tube, Hitachi HV720K). By this means an image was produced, which represented an area of skin of 1 mm2 (magnification: X 160 on the 10 inch monitor screen). Illumination was via a fibre-optic bundle from a mercury vapour lamp (Wotan HBO 50).
Servo-nulling system. The servo-nulling pressure measurement system has been described by Intaglietta et nl. [3] and is available commercially (IPM Inc., San Diego, CA, U.S.A.). It depends on monitoring the electrical impedance of the micropipette. This increases with pressure owing to the differing conductivities of the 2 mol/l sodium choride solution (within the pipette) and the plasma (within the capillary). With the system in operation, the impedance is prevented from changing by the activation of a servomotor, which generates an opposing pressure within the micropipette equal to the pressure at the micropipette tip.
'Zero' pressure was calibrated with the pipette tip in the saline pool above the nailfold, so that it was not necessary to withdraw it from the fluid before use. The frequency response of the system was improved by filling the servomotor and tubing with low viscosity silicone oil (Dow Corning '200'/0.65 cs) rather than liquid paraffin. The system was tested in a dynamically pressurized chamber into which micropipettes could be sealed. This demonstrated an accurate frequency response up to 30 Hz. Phase errors within the range of frequencies found in the human pulse were negligible.
Micropipettes were pulled from 2.0 mm diameter glass tubing (Jencons Scientific) and the tips were ground with a double-bevel on a water-lubricated wheel under microscopic vision. Acceptable tip diameter was between 3 and 6 pm. Scrupulous attention to cleanliness was necessary to prevent particles of debris from entering the micropipettes during pulling, grinding or filling. The micropipettes were back-filled using a disposable intravenous cannula with a sterile solution of 2.0 mol/l sodium chloride and 0.38% sodium citrate, which had been filtered through a 0.5 p m Millipore filter.
Micropuncture. Micropipettes were held in a Leitz micromanipulator and advanced into the capillary at an angle of 40" to the skin in a similar way to previous studies [2, 6] . An undisturbed blood flow was allowed to return to the capillary by withdrawing the pipette slightly after the initial blanching.
The technique was difficult to perform reliably, although initial success in only 25% of subjects has risen to over 90%. Between one and nine capillaries were cannulated in each subject, depending mainly on the visibility of the vessels.
The process was almost completely painless, and has been without complications to date. Pipette breakage and retention of glass in the skin was not a problem; when a micropipette broke, the shaft of the pipette was easily removed by wiping with a tissue. In one subject we were able to repeat measurement of pressure on three separate occasions at three different ambient skin temperatures (range 18.2-32.5"C). Again, there was no significant correlation between temperature and pressure in six venular capillary limbs or in six apical capillary limbs ( r = 0.27, venular; r= 0.56, apex) while pressure values were reasonably consistent (1 5.7 f 2.9 mmHg, venular; 22.1 f 7.4 m H g , apex; mean k SD).
Despite this, when the fingers of four subjects were heated by a hot air stream during the measurement of venular capillary pressure, mean pressure increased in each case (Fig. 3 ). 
Fluctuations in capillary pressure
In no case was the pressure recording a constant value. The range of pressures during 30 s is illustrated in Fig. 2 . The range, the highest systolic and the lowest diastolic values during the recording, includes cardiac vasomotor and respiratory fluctuations, which are later analysed individually in more detail.
Pulse pressure and waveform
Capillary pressure was pulsatile in 34 of the 38 recordings analysed; all four non-pulsatile recordings were in In three recordings where vasomotor fluctuations were small and consequently did not distort the pulses, it was possible to obtain an accurate representation of the capillary pulse waveform. Computerized superimposition of the pulse waves was triggered by the ECG R-wave peak. The mean DC component was subtracted and the waves were averaged, so that the temporal relationship to the ECG could be studied. A comparison with a recording from the radial artery of an age-matched subject, made using the servo-nulling system adapted to measure arterial pressure through fine metal needles [l 11 is shown in Fig.  4 .
The foot (the beginning of the systolic upstroke) of the pulse wave arrived an average of 190, 200 and 210 ms after the R-wave in the three recordings of capillary pressure, in three subjects, while the equivalent timing in the radial artery in one subject averaged 190 ms. The waveforms from the three apical capillaries all closely resembled that of the radial artery, with a systolic pulse wave, a dicrotic notch and a dicrotic wave. In the example illustrated, there was another wave immediately preceding the systolic pulse that was present to only a minor degree in the other two analyses. 
Vasomotor and respiratory fluctuations
The frequencies of the slower fluctuations and their relationship to other parameters were ascertained in 14 capillaries by subjecting long sections of high quality recordings to computerized Fourier analysis.
An example of this is shown in Fig. 5 , where the component frequencies of a pressure recording of over 200 s duration are displayed. The processing includes a lower limit of 0.02 Hz to exclude the occasional movement artefacts, and in this case an upper limit of 0.6 Hz to exclude the cardiac pulsations. The same processing has been Within these frequency limits the capillary pressure has a biphasic frequency spectrum. The lower peak at 0.086 f 0.05 Hz (mean f SD, 11 = 14) corresponds to that of the laser-Doppler output at 0.080f0.05 Hz (4.8 cycles/min). The higher peak at 0.28 & 0.03 Hz corresponds to the frequency of respiration, which was 0.29 k 0.03 Hz (17.4 breaths/min). The upper frequency limit could be extended to include the fundamental of the ECG which was at 1.25 f 0.05 Hz (75 beats/min) compared with a peak at 1.23f0.14 Hz in the capillary pressure recordings. The mean real time over which these analyses were performed was 153.6 s (range 102-204 s). A typical recording in which these features can be seen is shown in Fig. 6 .
DISCUSSION
We have shown a gradient of pressure around the capillary loop which is similar to some previous authors who used simple manometer systems, but our technique has also shown the important temporal variations in pressure that have a direct influence on fluid flux across the capillary wall.
The values for mean capillary pressure are summarized together with those from other studies in Table 1 . While our mean pressures agree closely with those of Landis [2] , the venular limb pressures are lower than those of Levick & Michel [12] . Part of this difference is explained by the positioning of the hand, which was 7 cm lower in the previous study [ 121; this would increase venous hydrostatic pressure by 5.1 mmHg. Taking account of this factor, and the small number of subjects in the study of Levick & Michel [ 121, the results are probably not significantly different.
The pressure at which there is neither filtration nor reabsorption has been estimated at around 13 mmHg (assuming a reflection coefficient of 1, a plasma oncotic pressure of 24 mmHg, a tissue oncotic pressure of about 10 mmHg and an interstitial fluid pressure of about -1 mmHg: 24-10-1 = 13 mmHg) [13] . Fig. 2 shows that most capillaries in this study probably had periods of both filtration and reabsorption, with pressure values above and below this. Hence, the physiological variations in pressure demonstrated here are likely to be of fundamental importance in tissue fluid balance at the height of the sternal angle. In view of the lack of correlation between skin temperature and capillary pressure both in an individual subject and in the whole group (Fig. 2) , the positive results from the heating experiments seem surprising (Fig. 3) , although the correlation with temperature is poor in the heated group as a whole (r=0.41, NS). The heating resulted in skin temperatures which were all above the highest 'resting' temperature, and may therefore initiate thermoregulatory reflexes which are not necessarily involved in the 'resting' state. Studies which have demonstrated a relation between capillary pressure and skin temperature also used heating and cooling [2, 121. These results are also very similar to data obtained from capillary blood cell velocity measurements [ 141, which show a poor correlation with temperature below 31-32°C and a sudden rise in flow above this.
The computerized superimposition of capillary pulse waveforms and their close resemblance to our own and published radial artery pulse waves [15] affirms both the accuracy of the measurement and the fact that the microvasculature distal to the artery is relatively non-compliant, although the ideal of simultaneous recordings of arterial and capillary pulses in the same subject was not possible. The small delay between accepted radial artery arrival times for the pulsewave 'foot' (D. E. McMillan, personal communication) (190 ms after the ECG R-wave) and those measured in the capillaries (203 ms mean) confirms for the first time that the velocity of the wave between these points is probably several metres per second. This corresponds well with predictions from the MoensKorteweg formula [16] , but is more rapid than predicted by a recent mathematical model which included viscoelastic damping in the calculation [ 161. The possibility of a heart-to-capillary delay of greater than one cardiac cycle was excluded by cross-correlating the beat-to-beat intervals in simultaneous ECG and capillary pressure recordings. The only significant correlation was with the two in phase. Only one part of the illustrated capillary pulse did not have a parallel in typical arterial waveforms, a small wave preceding the systolic wave. An explanation for this is not immediately obvious, although reflection, resonance and differential velocity separation of waves have been considered. The most likely explanation is that the arterial pulse wave contained this component in that subject, as the other recordings did not show this feature. Fourier analysis and cross-correlation of long recordings of capillary pressure revealed both respiratory and vasomotor components to the capillary pressure fluctuations. Respiratory variations in venous pressure of the same order of magnitude as those found in capillary pressure (5 mmHg) were measured in two subjects. This is likely to be due to a reduction of venous return on expiration, and the converse on inspiration. The phase relationship of capillary to respiratory fluctuations was variable between subjects owing to the phase lag of both the nasal thermocouple and peripheral venous pressure (relative to intrathoracic pressure), but within each subject this was consistent. Hence, a respiratory effect on venous pressure could account for much of the variation in capillary pressure, although contributions from changes in cardiac output, blood pressure and sympathetic tone with respiration may also have an influence. There was no significant correlation between laser-Doppler blood flow and respiration; such a correlation might be expected in view of the pressure variation, but flow with this instrument is measured in many different vessels including deeper shunt and plexus elements [ 171 in which the phase of the changes in pressure and flow would vary.
The correlation between vasomotion frequency in the laser-Doppler flowmeter and slow fluctuations in capillary pressure is surprisingly good considering the separate recording sites, different numbers of vessels involved [ 171 and contrasting measurement techniques. The vasomotor changes did not appear synchronous between the two techniques, which would argue against their initiation by a generalized central mechanism. Previous measurement of individual capillary blood flow velocity and laser-Doppler flow on the same nailfold [IS] has revealed similar vasomotion frequencies, but again no synchrony was dernonstrated.
In conclusion, we have achieved reliable use of the servo-nulling system to measure capillary pressure dynamically. The normal variations in pressure which have an important influence on tissue hydration have been quantified and related to other measured parameters. It is now possible to investigate diseases with microvascular complications, which are potentially mediated by or result in detectable alterations in capillary pressure, especially hypertension and diabetes mellitus. 2. In a group of 40 subjects, the relationship between erythrocyte free magnesium and blood pressure, age and sex was examined by univariate and multivariate regression analysis.
3. A weak positive association was found between erythrocyte free magnesium and mean blood pressure. This association was lost in a multivariate regression analysis including both age and sex.
4. No significant relationship was found between erythrocyte free magnesium and age, sex, family history of hypertension or use of the combined oral contraceptive pill in the sample studied.
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INTRODUCTION
There is suggestive evidence that magnesium, the fourth of the major cations of the body and a physiological calcium antagonist, may have a role in the pathogenesis of hypertension [ l , 21. Rats fed on a magnesium-deficient diet for 3 months showed a rise in blood pressure with increased tone in the peripheral microcirculation [3] . An inverse relationship between vascular smooth muscle tone and external magnesium concentration in vitro has also been reported [4, 5] . One study of 73 healthy middle-aged subjects on no drug treatment found an inverse relationship between serum magnesium concentration and mean blood pressure [6] . In another, larger, study no group difference in serum magnesium level was present when normotensive subjects were compared with hypertensive subjects who had been off treatment for at least 2 weeks, but within the latter there was a significant downward trend in serum magnesium levels across the renin subgroups from low to high [7] . However, a possible carry-over effect of prolonged diuretic therapy in some subjects (causing both magnesium depletion and renin elevation), cannot be ruled out.
Dyckner & Wester [8] reported that magnesium supplementation augmented the antihypertensive effect of longterm thiazide treatment during a 6 month study. In contrast, in a placebo-controlled cross-over trial of oral magnesium aspartate given alone for 1 month, Cappuccio et al. [9] observed no significant fall in blood pressure.
Serum magnesium represents only a small fraction of total body magnesium [lo] , and the free intracellular magnesium concentration ([Mg2+Ifree) might be of more direct physiological relevance. Using a 31P n.m.r. method, Resnick et af. [l 11 have reported an inverse correlation between erythrocyte [Mg2+lfrCc and blood pressure in a small group of patients with essential hypertension and controls. This method relies on the shift which occurs in the relative positions of the 31P resonances of adenosine 5'-triphosphate (ATP) when it is complexed with Mg2+ [12, 131. It has the advantage over other methods of measuring [Mg2+]fr,, that it is non-invasive and nonperturbing [16] . The magnitude of the shift reflects the ratio of ATP to MgATP, from which [Mg2+Ifrcc can be calculated given the dissociation constant (K,) of the reaction under intracellular conditions. Since there has been disagreement over the value of K , [ 12-1 51, we have performed experiments to estimate this quantity.
We report here a 31P n.m.r. study of the variation of erythrocyte [Mg2+]frcc in human subjects. Using multivariate analysis we have examined the relationship between erythrocyte [Mg2 +Ifrcc and age, sex, blood pressure and family history of hypertension.
METHODS
N.m.r. spectrometry 31P spectra of ATP were recorded at 25°C using a Bruker 300 MHz or 500 MHz spectrometer in Fourier transform mode, and the separation of the a and B peaks (the chemical shift da,) was measured (Fig. 1) . During preliminary studies d,, was measured in a solution of 2 mmol/l ATP in 20 mmol/l Bis-Tris buffer, pH 7.2, containing 10% (v/v) 2H20, 150 mmol/l KCI and 0-16 mmol/l MgCI, (Fig. 2) . K, was calculated at a range of concentrations using the following formula Trimethylphosphate was used as the chemical shift reference.
Using the value of K, thus calculated, [Mg2+]frcc was measured in erythrocytes using the following relationship: where and d z r is the measured shift in erythrocytes.
Erythrocytes were spun down from heparinized blood immediately after collection and approximately 4 ml of packed cells was decanted into 10 mm n.m.r. tubes after aspiration of plasma and buffy coat. On the 300 MHz machine about 5000 acquisitions were averaged over 30 min and on the higher field machine 500-1000 acquisitions over 10-1 5 min.
Procedures were otherwise the same, and results obtained on the two instruments were not significantly different.
In preliminary studies, blood drawn from healthy volunteers was divided into aliquots and erythrocyte [MgZ+]f,cc was measured after storage at room tempera- ture for up to 6 h. Over this interval there was no systematic trend in [Mg2+Ifree. In the main study, analyses were performed within 3 h of venepuncture.
Subjects
A normotensive group of 26 individuals with resting supine blood pressures below 140 mmHg systolic and 90 mmHg phase V diastolic ( m e a n f s~: 120 f 10.7 mmHg, 7 2 f 8 . 2 mmHg) was used as the control sample. The mean age was 33.7 years and the range was 21-62 years. Fifteen were men and eleven women. Four of the women were taking the combined oral contraceptive pill; this factor was included in the multivariate analysis. The controls were on no treatment otherwise. A history of known essential hypertension in a first degree relative was also included in the analysis if present. The 14 hypertensive subjects had a mean age of 46.0 years (range 25-70 years) and had never received antihypertensive treatment; they were on no other therapy. Conventional clinical assessment and investigation had excluded causes of secondary hypertension. Blood pressure was 164 f 19.6/94 f 13.3 mmHg supine and 160 k 21.2/102 f 10.1 mmHg standing. The hypertensive subjects comprised 10 men and four women. The slight age and sex imbalance between control and hypertensive subjects was controlled in the analysis.
Statistical methods
Group comparisons of continuous variables were made by unpaired t-test unless the assumptions of normality or equality of variance were in doubt, in which case a nonparametric (Mann-Whitney) test was also performed. In no instance was the conclusion materially altered. The dependence of [Mg2+Ifree on age, sex, oral contraceptive use, family history of hypertension and blood pressure was examined first in univariate analysis and then in stepup multivariate regression using the partial F-test to select additional variables for inclusion in the model. The validity of the linear model was confirmed by plots of standardized residuals against predicted values of [Mg2+Ifree to detect non-linearity or heteroscedasticity Mean blood pressure was derived as diastolic blood pressure plus one-third of the difference between systolic and diastolic pressure.
RESULTS
Calculation of K ,
The results of nine estimations of the K , of the interaction of magnesium and ATP at pH 7.2 and 25°C are shown in Table 1 . The mean value is in good agreement with the estimate of 50 f 10 pmol/l made by Gupta et af. [17] under the same conditions using three separate n.m.r. methods.
Erythrocyte studies
Erythrocyte [Mg2+Ifree in the normotensive and hypertensive subjects is shown in Fig. 3 . Group r n e a n s k~~~ were not significantly different in the normotensive subjects (199 f 5.8 pmol/l) and the hypertensive subjects (219 f 12.0 pmol/l) (P= 0.09). The 95% confidence interval for the difference between the group means was 47 to -9 pmol/l. In univariate regression, erythrocyte [Mg2+Ifree was positively associated with mean blood pressure (Fig. 4) and with systolic blood pressure but at a borderline level of significance. Neither age nor sex was significantly associated with erythrocyte [Mg2+Ifree, although within the sample erythrocyte [Mg2+Ifrce was slightly higher in females than males (95% confidence interval for the difference 43 to -11 pmol/l) and was slightly higher in older subjects (0.10 > P> 0.05 for univariate regression slope). Because of slight confounding by age and sex, the significance of the regression of erythrocyte [Mg2+]fr,, was no longer apparent when age and sex were included with mean blood pressure in a multivariate linear regression analysis. [Mg2+Ifr,, was not associated with either family history of hypertension or oral contraceptive use. However, the power of the study to examine these was too low for firm conclusions to be drawn due to the small numbers of such individuals.
In the best multivariate regression model, incorporating age, sex and mean blood pressure as predictors of erythrocyte [Mg2+Ifr,,, only 15% of the variation in the latter could be accounted for by these three determinants.
Analysis of residuals confirmed that the simple linear model was appropriate to the data. 
DISCUSSION
The estimate of K , we obtained agrees well with that reported by Gupta et al. [17] [ 111. The latter authors, however, reported highly significant inverse correlation between blood pressure and erythrocyte [Mg2+]fr,, which we have been unable to confirm. In contrast, our own data suggest a weak positive association between mean blood pressure and erythrocyte [Mg2 +Ifrcc which reached conventional statistical significance. The larger numbers in our study made it possible to look at several covariates as predictors of erythrocyte [Mg2+Ifr,, by multiple linear regression; inclusion of age and sex in the model rendered the association non-significant suggesting some degree of confounding by these two characteristics. We do not, therefore, place much weight on the relationship between mean blood pressure and erythrocyte [Mg2+IfrcC, since it could well have arisen by chance.
Our 95% confidence interval for the true difference in mean erythrocyte [Mg2+]fr,, of normotensive and hypertensive groups (47 to -9 pmol/l) does not include the point estimate of Resnick et al. [ 111 ( -69 ,umol/l). The latter was derived from the mean of only seven normotensive and 11 untreated hypertensive subjects, and estimates based on such small group sizes are liable to have very wide confidence limits. There are no apparent differences in patient selection or in experimental method which might account for the inconsistency. It is unlikely to be lack of statistical power in the present study which, although of modest size, would detect a true difference of the magnitude report by Resnick et a/. [ l l ] with a probability exceeding 0.99 at the 5% significance level. The use of linear regression is a more robust and appropriate technique of data analysis than the calculation of correlation coefficients; the latter are particularly unreliable when calculated across two or more groups which have been defined on the basis of one of the variables being correlated, namely blood pressure. Multiple linear regression also allows simultaneous control of a number of factors, such as age and sex in the present study which influenced the interpretation of the data.
As in the previously published study [ 111, we made no attempt to control or to measure intracellular pH or oxygenation. Since ATP has a pK, of around 6.5, and HATP3-binds Mgz+ less tightly than ATP4-, a change in intracellular pH will have some effect on [Mg2+] ,, as measured by the n.m.r. method. Since deoxyhaemoglobin (but not oxyhaemoglobin) binds preferentially to ATP rather than to MgATP, causing a change in the a/l shift of ATP partially saturated with Mg2+ [ 121, deoxygenation of erythrocytes might also influence measured [Mg2+]free. We do not believe that either effect influenced our findings because (i) measured [Mgzflfrec was found to be stable over 6 h from venepuncture in preliminary studies, and (ii) samples from hypertensive and control subjects were handled identically. Had we found a significant difference in erythrocyte [Mg2+] ,, between these two groups it would have been necessary to exclude a pH or oxygenation effect as the cause.
The absence of direct pH measurement allows the possibility that there is a systematic difference in intraerythrocytic pH in hypertensives which masked a true difference in [Mg2+]fr,e. One would then have to postulate two defects of ion transport to account for our data, instead of the simpler interpretation given here.
The relevance of magnesium to the pathogenesis of essential hypertension remains unclear but merits further study. It would be of particular interest to investigate intracellular [Mg2+Ifree in vascular smooth muscle, since it appears that it is sufficiently low in some cell types to be rate limiting for adenylate cyclase [19] . The experimental evidence for an effect of magnesium on vascular tone and blood pressure has already been referred to . Such an investigation in human hypertension is not currently practicable by 31P n.m.r.
